1.. INTRODUCTION
================

Limb loss is a worldwide issue; a 2005 study estimated that over a half a million people in the United States alone were living with some type of major limb loss \[[@R1]\]. Of that number, upper-limb amputees make up a small percentage; however, upper-limb amputees have typically been less affected by advancements made in the prosthetics industry. Studies have shown much higher usage rates of lower limb prostheses than upper limb prostheses \[[@R2]\]. Additionally, of the upper limb prostheses, below-elbow amputees have a much higher prosthesis acceptance rate than above-elbow amputees. A study conducted in 1995 showed that 39 of 42 below-elbow amputees used a prosthesis while only 9 of 21 above-elbow amputees used a prosthesis \[[@R3]\]. This study indicates that the majority of above-elbow amputees do not find the currently available prostheses useful enough to incorporate into their lives.

One thing all commercially available prosthetic arms have in common is that they all employ joint control \[[@R4]\]. Joint control involves independent control of the angular velocity of each joint, for instance, the shoulder joint or elbow joint. An alternative Cartesian control approach is one that simply involves the linear velocity of the hand in three-dimensional space rather than the rotational velocity of the individual joints. The primary goal of any prosthesis is to function as similarly as possible to the limb it replaces. Research has shown a correlation between signals in themotor cortex portion of the brain and position and velocity of the hand in three-dimensional space \[[@R5]\]. Work has also been done to try and correlate brain signals to individual joint rotational velocities; however, little to no correlation was found \[[@R6]\]. The research seems to support what seems an intuitive conclusion; at the level of conscious thought, human arm control is more similar to Cartesian control than joint control, with the joint commands being resolved at some other level. Based on the current research, it is deduced that the initial human command would be one of Cartesian hand velocity; joint control would then require the patient to do a mental mapping of desired Cartesian hand velocities to required joint velocities in order to issue the command. Cartesian control essentially removes that function from the patient and incorporates it into the controller.

Although the idea of Cartesian control of industrial robotic manipulators is not new, most research and testing of this idea on prosthetic arms is relatively recent. In 2008, experimental testing of brain controlled prostheses utilizing Cartesian control on monkeys showed promising results \[[@R5]\]. Experimental testing performed in 2005 showed an advantage of Cartesian control over joint control for a relatively simplistic robotic arm that could move in two-dimensions \[[@R7]\]. One reason most Cartesian control work is relatively new is that, until recent advancements in the medical field, Cartesian control was, in many cases, not possible. Many prosthetic devices incorporate electromyography (EMG) which involves using a measured signal to control a prosthetic device. The measured signal is generated through muscle contractions from a site usually located on the residual limb. Cartesian control generally requires at least two muscle sites, whereas joint control can use a single muscle site and incorporate switching between joints. Patients that have lost a majority of their arm typically have, at most, a single muscle site available. A new surgical procedure called Targeted Muscle Reinnervation (TMR) involves the mapping of nerves from the residual limb to healthy muscle tissue \[[@R8]\]. One advantage of this procedure is that it can produce multiple muscle sites for use in controlling a prosthetic device, making Cartesian control possible.

The Glenrose Rehabilitation Hospital in Edmonton, Alberta, Canada has recently begun performing TMR surgeries and expressed a need for a training tool for TMR patients. In 2011, an experimental robotic arm was developed that incorporated EMG control of the individual joints \[[@R9],[@R10]\]. The primary goal for the experimental robotic arm was to train TMR patients; however, the secondary goal was to serve as a research platform.

This work is aimed at incorporating Cartesian control into the experimental robotic arm to get a comparison between joint control and Cartesian control. In order to more systematically evaluate the perceived benefits of Cartesian control, two versions of Cartesian control were tested. Version 1 implemented the Cartesian control methodology but only allowed for motion in one direction at a time. Version 2 allowed for the combination of two directions, therefore, allowing straight-line motion. By evaluating Cartesian control in this manner the benefit of a more intuitive approach can be measured by comparing Cartesian control version 1 to joint control. Any additional benefit gained by Cartesian control version 2 will indicate the increased effectiveness due to incorporating straight-line motion. The testing of Cartesian control against joint control on a relatively anatomically correct experimental robotic arm that can move in three dimensions will provide an indication of the benefit to be gained by incorporating Cartesian control into currently available prosthetic arms. The current prosthesis usage rates for above-elbow amputees indicates a need for improvement in commercially available prosthetic arms; it is hoped that Cartesian control could offer improvements in control making prosthetic arms more effective for above-elbow amputees. In addition, it is worthy to note that the concepts of this research can be extended to myoelectrically controlled artificial legs, in which the movement of the foot can be controlled in a Cartesian coordinate system that is attached to the patient\'s body.

The experimental robotic arm will be introduced and followed by the development of the inverse kinematics solution for the robotic arm. Next, the development of the Cartesian controller will be discussed including the methodology used for singularity and collision avoidance. In order to evaluate Cartesian control, experimental testing was performed on both joint control and Cartesian control. The experimental test setup, results, and user feedback will be discussed as well as comparisons made to tests with the same experimental robotic arm using joint control.

2.. THE EXPERIMENTAL ROBOTIC ARM SYSTEM
=======================================

An experimental robotic arm system was set up in the Advanced Robotics Research Laboratory at the University of Alabama in Huntsville (UAH) (Fig. **[1](#F1){ref-type="fig"}**). The system consists of a host computer, a target computer, a signal conversion board, a power supply, and an AX-12 Smart Arm robotic arm.

2.1.. Hardware
--------------

The host computer is an up-to-date computer capable of running the latest version of MATLAB/Simulink, and its xPC-Target optional toolbox. The target computer is capable or running MS-DOS operating systems and has a RS232 compatible serial port.The host and target computers are connected *via* Ethernet ports for communication. A custom-built board converts RS232 serial commands issued by the target computer to TTL commands, which is accepted by the controller of the AX-12 servomotors on the robotic arm. The details of the design of the conversion board is found in \[[@R11]\].

The robotic arm component of the system is an AX-12 Smart Arm, a robotic arm kit from the company Crustcrawler. The AX-12 Smart Arm consists of 4 rotational degrees of freedom and the Hand Open-Close function. The four rotational degrees of freedom are Shoulder Rotation, Elbow Flexion-Extension, Wrist Flexion-Extension, and Wrist Rotation. These degrees of freedom are pictured in Fig. (**[2](#F2){ref-type="fig"}**). The joint rotations are controlled by the AX-12 servomotors which, in addition to being powerful, offer feedback in temperature, load, and position \[[@R12]\]. Both the load and position feedback were used in the Cartesian controller.

2.2.. Software
--------------

The software components include the robotic arm\'s inverse kinematic solution, collision avoidance algorithm, singularity avoidance calculations, and a Graphical User Interface (GUI). All the components are developed on the host computer using MATLAB/Simulink environment. The software is compiled using the xPC-Target optional toolbox, which generates a stand-alone executable program. The stand-alone executable program is uploaded *via* TCP/IP communication to the target computer, which runs the program in real-time at the command of the GUI on the host computer.

### 2.2.1.. Graphical User Interfaces and Control Approaches

Three different control approached are tested using the experimental system. A GUI is prepared for each control approach.

The first control approach is the joint control, in which the user directly specifies the angular rates of rotation of each joint. The GUI that accepts the user inputs is shown in Fig. (**[3](#F3){ref-type="fig"}**). When using this GUI, the goal of the user is to position the hand around an object for grasping. Current multi-joint prostheses are controlled one joint at a time. To mimic this mode of operation, the user selects a joint (e.g. the shoulder joint), sets a rotation rate using the corresponding slider bar in the GUI, and clicks \`\`Update Speed Input.\'\' The selected joint starts moving with the specified rate. When the user is satisfied with the new position of the arm, he/she clicks on \`\`Pause,\'\' and selects another joint to move. The user switches between the motion of the joint as he/she wishes until the hand is positioned around the object for grasping.

The second control approach is the version 1 of the Cartesian control, in which the user directly specifies the inertial speed components of the hand in the forward- backward, left-right, and up-down directions separately. The GUI that accepts the user inputs is shown in Fig. (**[4](#F4){ref-type="fig"}**). The goal of the user is to position the hand around an object for grasping. In version 1 of the proposed Cartesian control, the user selects an inertial direction (e.g. forward) for the hand, sets a linear speed for the motion using the corresponding slider bar in the GUI, and clicks \`\`Update Speed Input.\'\' When the user is satisfied with the new position of the arm, he/she clicks on \`\`Pause,\'\' and selects another inertial direction for the motion. The user switches between the directions as he/she wishes until the hand is positioned around the object for grasping.

The third control approach is the version 2 of the Cartesian control, in which the user directly specifies the inertial speed components of the hand in the diagonal (simultaneous forward-backward and left-right), and up-down directions separately. The GUI that accepts the user inputs is shown in Fig. (**[5](#F5){ref-type="fig"}**). In version 2 of the proposed Cartesian control, the user selects a diagonal inertial direction for the hand to position the hand directly above the object. He/she sets linear speed components for the motion using the numerical inputs in the GUI, and clicks \`\`Update Speed Input.\'\' When the user is satisfied with the new position of the arm, he/she clicks on \`\`Pause,\'\' and selects Up-Down direction for the motion. The user switches between the directions as he/she wishes until the hand is positioned around the object for grasping.

The reason for the existence of two versions for the Cartesian control is explained in Section 6. The Cartesian control approaches rely on the inverse kinematics of the AX-12 Smart Arm. Also, for application of Cartesian control approaches, singularities and collisions must be avoided. In the following, the inverse kinematic solution, and singularity and collision avoidance are discussed.

3.. INVERSE KINEMATICS SOLUTION
===============================

One reason joint control is so widely used in prosthetics is that it does not require any kinematic calculations in real-time. Cartesian control requires the solution to the inverse kinematics solution, meaning that, given the desired hand velocity, the required joint angular velocities must be obtained. The inverse kinematics solution was formulated for the robotic arm component of the experimental system; this solution forms the basis of the Cartesian controller.

A common method used to solve the inverse kinematics problem is to use an inverse Jacobian that relates the desired hand motion, or task, to the joint angle rates. The number of rows in the Jacobian will equal the length of the task vector, and the number of columns will equal the number of degrees of freedom (DOFs) of the robotic arm. A redundant manipulator is one that has more DOFs than needed to achieve the desired task, and, hence, results in a rectangular Jacobian matrix. Because the inverse of the Jacobian is required for the inverse kinematics solution, it is desirable that the Jacobian be square so that it is directly invertible. Additionally, a square Jacobian matrix with full rank results in a unique inverse kinematics solution \[[@R13]\]. If the task vector only involves the $3 \times 1$ vector of Cartesian linear velocities of the hand, the AX-12 Smart Arm is a redundant manipulator because it has four DOFs (excluding Hand Open-Close), one more than required to achieve the desired hand behavior.

A number of methods for solving the inverse kinematics for a redundant manipulator through the use of the Jacobian have been explored. These methods can be categorized into approximate and exact solutions \[[@R14]\]. For this work an exact solution to the inverse kinematics was desired. One exact method is the extended Jacobian method introduced in \[[@R15]\]. This method essentially extends the rectangular Jacobian matrix until it is square by adding tasks to the task vector.

In the following, first, the link frames are defined. Second, the method of derivation of the Jacobian matrix for the main task is explained. The Jacobian matrix of the additional task is derived. Finally, the extended Jacobian for the robot is presented.

3.1.. Denavit-Hartenberg (DH) Frames
------------------------------------

The frames that are affixed to the AX-12 Smart Arm are shown in Fig. (**[6](#F6){ref-type="fig"}**). Frame 0 is attached to the patient\'s body. Frames 1 to 4 are attached to links 1 to 4, respectively. Frame 5, which is considered the tool frame, is also attached to link 4 (the gripper, or the hand). However, its origin is located at the center of the gripper (the hand). The Denavit-Hartenberg (DH) parameters of the assigned frames are listed in Table **[1](#T1){ref-type="table"}**. Using the DH parameters, one can find the $3 \times 3$ rotation matrices that map any vector expressed in an upper frame to a lower frame $i - 1$. Such rotation matrices are noted by ,$$ (see \[[@R16]\]).

3.2.. Jacobian for the Main Task
--------------------------------

For Cartesian control of the AX-12 Smart Arm hand, the \`\`main task\'\' consists of linear velocities of the hand (i.e. the origin of frame 5), expressed in frame 0 (i.e. the patient\'s body), which are contained in the vector ${}^{0}\mathbf{v}_{5}$. So,

$${}^{0}\mathbf{v}_{5} = \lbrack\overset{˙}{x},\overset{˙}{y},\overset{˙}{z}\text{]\ T\ \quad\ \quad}\ldots$$

As mentioned before, the AX-12 Smart Arm has four joints. The four joint rates are organized in a vector as

$$\mathbf{\overset{˙}{\theta}} = \lbrack{\overset{˙}{\theta}}_{1},{\overset{˙}{\theta}}_{2},{\overset{˙}{\theta}}_{3},{\overset{˙}{\theta}}_{4}\text{]\ T\ \quad\ \quad}\ldots$$

The $3 \times 4$ Jacobian matrix for the main task, $\mathbf{J}_{m}$, relates the vector ${}^{0}\mathbf{v}_{5}$ to the vector $\mathbf{\overset{˙}{\theta}}$, defined by

$${}^{0}\mathbf{v}_{5} = \mathbf{J}_{m}\mathbf{\overset{˙}{\theta}}\text{\quad\ \quad}\ldots$$

To expand the matrix $\mathbf{J}_{m}$, first, the inertial velocity vector of the hand, ${}^{0}\mathbf{v}_{5}$, must be calculated in terms of the joint rates ${\overset{˙}{\theta}}_{1}{to}{\overset{˙}{\theta}}_{4}$. This calculation is done by propagating the linear and angular velocity vectors of each link frame, starting from link 1. The velocity propagation relations are \[[@R16]\].

$${}^{i + 1}\mathbf{v}_{i + 1}{= (}^{i + 1}\mathbf{R}_{i}{)(}^{i}\mathbf{v}_{i} +^{i}\mathbf{\omega}_{i} \times^{i}\mathbf{P}_{i + 1})\text{\quad\ \quad}\ldots$$

$${}^{i + 1}\mathbf{\omega}_{i + 1}{= (}^{i + 1}\mathbf{R}_{i})\mspace{2mu}^{i}\mathbf{\omega}_{i} + {\overset{˙}{\theta}}_{i + 1}\mathbf{z}_{i + 1}\text{\quad\ \quad}\ldots$$

where $$ is the angular velocity vector of frame i expressed along the axis of frame i. Here, ${}^{0}\mathbf{v}_{0}{}{and}{}^{0}\mathbf{\omega}_{0}$ are zero vectors, and ${\overset{˙}{\theta}}_{5}$ is a zero scalar. The position vector ${}^{i}P_{i + 1}$ points from the origin of frame i to the origin of frame $i + 1$. The rotation matrix ${}^{i + 1}\mathbf{R}_{i}$ maps any vector expressed in a lower frame i to an upper frame i+1.

Equations (4) and (5) are algebraically iterated from $i = 0\ \mathit{to}\ 4.\ \mathit{So},{}^{5}\mathbf{v}_{5}\mathit{and}\ {}^{5}\mathbf{\mathrm{\omega}}_{5}$ are found in closed-form in linear terms of ${\overset{˙}{\theta}}_{1}\ \mathit{to}\ {\overset{˙}{\theta}}_{4}$ to . (Note that ${\overset{˙}{\theta}}_{5}$ is zero, because frame 5 is the tool frame that is solidly attached to link 4.) Then,

$$$$

The variables ${\overset{˙}{\theta}}_{1}\mathit{to}{\overset{˙}{\theta}}_{4}$ are factored from the closed-form relation found for ${}^{0}\mathbf{v}_{5}$, which results in the $3 \times 4$ Jacobian matrix of the main task, $\mathbf{J}_{m}$.

$${}^{0}\mathbf{v}_{5} = (\mathbf{J}_{m})\mathbf{\overset{˙}{\theta}}\text{\quad\ \quad}\ldots$$

3.3.. Jacobian for the Additional Task
--------------------------------------

Because the AX-12 Smart Arm is a 4 DOF system, only one additional task is needed to force a square Jacobian matrix. The angular velocity of the hand (i.e. the tool frame) with respect to frame 0 (i.e. the patient\'s body) about the local z -axis of frame 5, i.e. the third component of ${}^{5}\mathbf{\omega}_{5}$, is selected as the additional task. This component of angular velocity represents the net rate of rotation of the wrist with respect to the patient\'s body. This component has been selected because of its physical significance in application of the arm. By allowing the user of the arm to specify this component of angular velocity of the hand, he/she can rotate their wrist with their desired rate with respect to his/her body, irrespective of how their body or the rest of the arm is moving.

Now, the third component of ${}^{5}\mathbf{\omega}_{5}$, denoted by ${}^{5}{(\omega_{3})}_{5}$, is factored in terms of ${\overset{˙}{\theta}}_{1}\mathit{to}\ {\overset{˙}{\theta}}_{4}$, which results in the $1 \times 4$ Jacobian matrix of the additional task, $\mathbf{J}_{a}$.

$${}^{5}{(\omega_{3})}_{5} = (\mathbf{J}_{a})\mathbf{\overset{˙}{\theta}}\text{\quad\ \quad}\ldots$$

3.4.. Extended Jacobian Matrix
------------------------------

The $4 \times 4$ extended Jacobian matrix, $\mathbf{J}_{e}$, for the 4DOF arm is found by augmenting the main and additional Jacobian matrices. So,

$$\mathbf{\overset{˙}{x}}_{e} = \mathbf{J}_{e}\mathbf{\overset{˙}{\theta}}\text{\quad\ \quad}\ldots$$

where

$$\mathbf{J}_{e} = \begin{bmatrix}
\mathbf{J}_{m} \\
\mathbf{J}_{a} \\
\end{bmatrix},\quad\mathbf{\overset{˙}{x}}_{e} = \begin{bmatrix}
{{}^{0}\mathbf{v}_{5}} \\
{{}^{5}{(\omega_{3})}_{5}} \\
\end{bmatrix}\text{\quad\ \quad}\ldots$$

Once the user specifies the desired main and additional tasks, the joint rates are found using

$$\mathbf{\overset{˙}{\theta}} = \mathbf{J}_{e}^{- 1}\mathbf{\overset{˙}{x}}_{e}\text{\quad\ \quad}\ldots$$

4.. DEVELOPMENT OF CARTESIAN CONTROLLER
=======================================

The block diagram for the Cartesian controller is included in Fig. (**[7](#F7){ref-type="fig"}**). The extended commanded velocity vector, $\mathbf{\overset{˙}{x}}_{e}$, and the Hand Open-Close command are provided by user inputs using the GUIs described in Section 2.2.1. In version 1 and 2 of Cartesian control, the outputs of the GUI are mapped to the components of $\mathbf{\overset{˙}{x}}_{e}$ in the following manner: $\overset{˙}{x}$ = Forward/Backward Speed, $\overset{˙}{y}$ = Left/Right Speed, $\overset{˙}{z}$ = Up/Down Speed, and ${}^{5}{(\omega_{3})}_{5}$ = Hand Rotation Rate. The extended commanded velocity vector, $\mathbf{\overset{˙}{x}}_{e}$, is the only real-time input from the user. The rest of the block diagram shown in Fig. (**[7](#F7){ref-type="fig"}**) is run in real-time by the target computer.

The inverse kinematics solution is employed to convert the commanded Cartesian velocity vector to the joint angular velocity vector, $\mathbf{\overset{˙}{\theta}}$. The joint angular velocities resulting from the inverse kinematics solution are integrated to produce joint angles, θ.

Also within the Inverse Kinematics block is an evaluation of the Jacobian matrix that is sent to the Singularity Check block to predict a close to singular Jacobian matrix. This check will be discussed further in Section 4.1. If the singularity check is not passed, the program terminates in order to avoid dangerous, unstable behavior of the arm. The joint angles as well as the state, open or closed, of the hand are input into the Collision Check block also to be discussed further in Section 4.2. As done in the event of a close to singular configuration, if a collision is detected, the program is terminated. If both the singularity and collision checks are passed, a command is sent to the arm to initiate the performance of the desired task.

Because the AX-12 Smart Arm servos accept both position and velocity commands, the sent command is composed of both the joint angles and joint angular velocities. The joint angles θ and joint angular rates $\mathbf{\overset{˙}{\theta}}$ are converted to servo position command φ and servo speed command Ψ, respectively. The AX-12 Smart Arm reacts to the commands and sends back current position information φ as well as load feedback. Because the Jacobian matrix is a function of the joint angles, the servo position φ information is converted back to joint angles θ and is used to update the Jacobian matrix in the Inverse Kinematics block.

Initial testing showed that the servo controlling the Hand Open-Close function often overloaded when picking up an object. The Load Evaluation block assesses the load feedback of the hand servo and stops the closing motion of the gripper when a grasping load has reached. This allows for the real-time adjustment of the grasping load, so that the hand grasps an object firmly enough to pick it up but not too firmly as to cause a servo overload.

4.1.. Singularity Avoidance
---------------------------

The use of the extended Jacobian method for solving the inverse kinematics problem proved to have many advantages, namely, the simplicity of the methodology for evaluating a relatively new concept. While this advantage makes the extended Jacobian approach desirable for testing a concept as proposed in this work, any time a Jacobian-based method is used to solve inverse kinematics the possibility for singular matrices must be dealt with. Because the inverse kinematics solution involves the inverse of the Jacobian matrix, if singular or close to singular, the solution can yield very large joint angular velocities. Actually commanding the arm with the inverse kinematics solution performed with a singular matrix could command joint angular velocities large enough to break the arm, or, more seriously, injure the user. Much research has been done in singularity avoidance techniques; however, in order to focus on the comparison between joint control and Cartesian control, those techniques were not explored as a part of this work. A simple singularity check was performed, and if the check revealed a close to singular Jacobian matrix, the program was terminated immediately by zeroing out all velocity commands to the arm. By zeroing out only the velocity commands and not the position commands, the arm will cease moving and hold its current position.

The condition number of the Jacobian matrix was used to predict a singularity. The condition number of the extended Jacobian matrix, $\mathbf{\kappa}(\mathbf{J}_{\mathbf{e}})$, is computed by multiplying the norm of the Jacobian by the norm of the inverse Jacobian as shown in Equation 12 \[[@R17]\]. The larger the condition number, the closer the matrix is to being singular. To determine at what condition number a shutdown would be commanded, a number of tests were performed using a simulated version of the arm. A condition value limit of greater than 25 consistently prevented unstable behavior; this limit was implemented in the Singularity Check block pictured in Fig. (**[7](#F7){ref-type="fig"}**).

$$\left. \mathbf{\kappa}(\mathbf{J}_{e}) = \middle| \middle| \mathbf{J}_{e} \middle| \middle| \mspace{2mu} \middle| \middle| \mathbf{J}_{e}^{- 1} \middle| \middle| \text{\quad\ \quad}\ldots \right.$$

4.2.. Collision Avoidance
-------------------------

In order to protect the user and the arm, a collision avoidance scheme was needed. Contrary to the singularity avoidance technique, collision avoidance was needed for both Cartesian and joint control approaches. Collision avoidance was separated into two components, avoidance of a collision with the ground and avoidance of a collision with the arm itself. Ground collision avoidance is implemented in the Collision Check block shown in Fig. (**[7](#F7){ref-type="fig"}**). The AX-12 servos are designed to operate within user-specified rotation angle limits; these user-specified limits were used to implement a collision avoidance scheme within the servo command to avoid collisions with the arm itself.

The development of the forward kinematics solution formed the basis for the ground collision avoidance scheme. Given the joint angles, θ, the forward kinematics solution can provide the resulting end-effector position. Using the transformation matrices, the hand position could be described in the base frame. By applying the necessary length offsets to account for structure offset from a particular link frame and evaluating the hand position in the base frame, a simple check was performed to determine if the hand position was too close to the ground. Additionally, the hand configuration, opened or closed, factored into this check. When closed, the hand extends outward; therefore, a position close to the ground may pass the ground collision check with the hand opened but not when the hand is closed. For simplicity, ground collision avoidance was implemented as a collision detection that triggered an immediate termination of the program by zeroing out all velocity commands to the arm.

The AX-12 servos are designed with collision avoidance in mind by allowing the command to specify a maximum clockwise (CW) and counterclockwise (CCW) rotation. Once a servo reaches either limit, it will not rotate any further. Based on the geometry of the AX-12 Smart Arm, these limits were set in order to prevent the arm from attempting to move to a configuration where it would collide with itself.

5.. DEVELOPMENT OF JOINT CONTROLLER
===================================

The block diagram for the joint controller is included in Fig. (**[8](#F8){ref-type="fig"}**). The joint rate vector, $\mathbf{\overset{˙}{\theta}}$, and the Hand Open-Close command are provided by user inputs using the GUI described in Section 2.2.1. In joint control, the outputs of the GUI are directly mapped to the components of $\mathbf{\overset{˙}{\theta}}$ in the following manner: ${\overset{˙}{\theta}}_{1}$ = Shoulder Rotation rate, ${\overset{˙}{\theta}}_{2}$ = Elbow Flexion-Extension rate, ${\overset{˙}{\theta}}_{3}$ = Wrist Flexion-Extension rate, and ${\overset{˙}{\theta}}_{4}$ = Wrist Rotation rate. The joint rate vector, $\mathbf{\overset{˙}{\theta}}$, is the only real-time input from the user. The rest of the block diagram shown in Fig. (**[8](#F8){ref-type="fig"}**) is run in real-time by the target computer.

6.. EXPERIMENTAL TESTING
========================

It was hypothesized that Cartesian control would perform better than joint control by implementing a control approach that is both more intuitive and effective. To test this hypothesis, experimental testing was performed in order to evaluate the two control approaches against one another.

Two versions of Cartesian control were developed and tested against joint control. The first version only allowed motion of the hand in one Cartesian direction at a time. This version is referred to as the Cartesian control version 1 (Fig. **[4](#F4){ref-type="fig"}**). The second version allowed the combination of the forward-back and left-right motion of the hand which makes straight-line motions possible in any directions in the horizontal plane. This version is referred to as the Cartesian control version 2 (Fig. **[5](#F5){ref-type="fig"}**).

The intent of version 1 was to test the intuitiveness of the Cartesian control approach against the joint control approach (Fig. **[3](#F3){ref-type="fig"}**). The addition of straight-line motion in version 2 was intended to test the theory that incorporating straight-line motion would increase the effectiveness of the controller.

6.1.. Experimental Test Setup
-----------------------------

A modified version of the Box and Blocks test was used to evaluate the advantages and disadvantages of each controller. The Box and Blocks test is commonly used by occupational therapists to measure the manual dexterity of handicapped patients \[[@R18]\]. The test involves a box with a divider in the middle in which patients are to move as many blocks as they can from one side to the other in one minute. Previous testing of the MTT noted that it was likely that the subjects would only be able to move over a single block in one minute; therefore, the test was modified to specify a set number of blocks and measure the time it took to move them from one side to the other \[[@R10]\]. Additionally, the size of the box was adapted to fit the task space of the AX-12 Smart Arm. This approach was adopted for the testing performed here.

A box with the dimensions shown in Fig. (**[9](#F9){ref-type="fig"}**) was constructed for the testing. Barriers were placed inside the box to close off areas not reachable by the arm. Instead of blocks, compressible balls with a diameter of 35 mm were used. The bottom of the box was covered in felt to try to keep the balls from moving around during the test. Three balls were placed in one side of the box, and the subject was directed to move the three balls over, one at time, to the other side as quickly as possible. For each controller tested, this was done five times alternating the starting side from left to right.

Five able-bodied subjects were selected to perform the modified Box and Blocks test for each of the three controllers. Studies have shown that approximately 80% of usability problems can be detected with only four to five subjects and that the most severe usability problems are detected in the first few subjects \[[@R19]\]. The joint controller was tested first and was followed by versions 1 and 2 of the Cartesian controller, respectively.

Each subject was allowed to practice with each controller before beginning the timed trials. Once the subject indicated that they were ready to begin the test, the arm was initialized to the starting position and the subject was allowed to begin moving the balls over to the other side of the box once the timer was started. The timer was stopped once the third ball touched the floor of the other side of the box. If a collision or singularity triggered the program to stop, or if the ball was dropped outside of the box, the trial was repeated. Upon completion of the test, each subject was asked to fill out a survey ranking the intuitiveness and effectiveness of each controller.

6.2.. Experimental Results
--------------------------

Fig. (**[10](#F10){ref-type="fig"}**) shows the trial times averaged over the five subjects. The error bars represent ± one standard deviation. To evaluate the impact of intuitiveness alone, version 1 of the Cartesian controller can be compared to the joint control results. For the first two trials, version 1 of the Cartesian controller produced significantly faster times than joint control, indicating that the Cartesian control approach was easier to learn and, hence, more intuitive. Trials 3 - 5, however, produced similar times, indicating that even though the Cartesian controller was more intuitive, once learned, the joint controller was as effective as version 1 of the Cartesian controller. Cartesian controller version 2, however, consistently achieved smaller times compared to the other two controllers for all 5 trials.

Table **[2](#T2){ref-type="table"}** shows the result of a one-tailed statistical test of the average times achieved by the joint control, Cartesian control version 1, and Cartesian control version 2 in Fig. (**[10](#F10){ref-type="fig"}**). A -value of less that 0.05 or a -value (Wilcoxon signed-rank test) of 0 suggests that mean time of one controller is significantly different than that of the other controller. Based on these p -values and w -values, the following conclusions can be drawn. The mean time of joint control and Cartesian control version 1 are not significantly different. This confirms that, once learned, Cartesian control version 1 does not perform significantly better than joint control. However, the mean time of Cartesian control version 2 is significantly different than those of joint control and Cartesian control version 1. So, Cartesian control version 2 outperforms the other two controllers.

Another observation is made by a closer look at Fig. (**[10](#F10){ref-type="fig"}**). Although, the average times for trials 3 - 5 for the joint controller and version 1 of the Cartesian controller are similar, version 1 of the Cartesian controller exhibited much larger standard deviations. An attempt was made to discover the reason for this observation. Inspecting the trial times of all subjects closer revealed that four of the five subjects actually performed the task faster with the Cartesian controller; the large standard deviation and, hence, larger average time was mostly due to the time of one subject. It was found that subject 5 had difficulties understanding the working of the GUI for Cartesian control version 1. So, it was decided to analyze the times of the remaining four subjects separately, to see if a different conclusion could be made about the performance of the controllers.

This is done in Fig. (**[11](#F11){ref-type="fig"}**), in which the average times of the five trials were computed excluding subject 5. Fig. (**[11](#F11){ref-type="fig"}**) also supports the previous conclusions by showing that Cartesian control version 1 was significantly faster than joint control for the first trial, but as the subjects progressed through the trials, the joint control and Cartesian control version 1 times tended to converge. Still, a dramatic decrease in trial times can be seen by comparing joint control to version 2 of the Cartesian controller in Fig. (**[11](#F11){ref-type="fig"}**), showing that the additional benefit provided by straight-line motion is significant.

Table **[3](#T3){ref-type="table"}** shows the result of a one-tailed statistical test of the average times achieved by the joint control, Cartesian control version 1, and Cartesian control version 2 after removing subject 5 (using the data of Fig. **[11](#F11){ref-type="fig"}**). A p -value of less that 0.05 or a w -value of 0 suggests that mean times of one controller is significantly different than that of the other controller. Based on these p -values, which are more conservative than w -values in this case, the same conclusions that were drawn from Table **[3](#T3){ref-type="table"}** can be reached. So, isolating the data of subject 5 does not affect the conclusions.

The average times for version 2 of the Cartesian controller were always faster than the average times of the joint controller and version 1 of the Cartesian controller, indicating that version 2 of the Cartesian controller was much more effective than the joint controller and version 1 of the Cartesian controller. Additionally, the Cartesian control version 2 trial times started low and remained low as the subjects progressed through the trials, and smaller standard deviations indicate that this trend was present for all of the subjects tested.

Fig. (**[12](#F12){ref-type="fig"}**) includes the percentage decrease in trial time averaged over the five subjects. A positive percentage represents an improvement over the average joint control time, and the error bars represent ± one standard deviation. The w -value () of the data in Fig. (**[12](#F12){ref-type="fig"}**) suggests that the result is significant at . In general, both Cartesian controllers were more effective than the joint controller; only two version 1 Cartesian controller trials resulted in average percentage increases in time, and the percentage increases were less than 10%. When subject 5 was removed from the average calculations, shown in Fig. (**[13](#F13){ref-type="fig"}**), these two percentage increases in time became small percentage improvements. Fig. (**[13](#F13){ref-type="fig"}**) clearly shows the advantage of version 2 of the Cartesian controller with average percentage improvements over all trials and average percentage improvements of up to 100%. The w -value (=0) of the data in Fig. (**[13](#F13){ref-type="fig"}**) suggests that the result is significant at *p* ≤ 0.05.

Version 2 of the Cartesian controller includes both the ability for straight-line motion and a more intuitive user command, removing the need to resolve the desired hand velocity into joint commands. The timed trial results show that each of these features improved the time in which it took the subjects to complete the task. By allowing the subjects to command the hand velocity in a Cartesian frame, they were able to, initially, perform the trials quicker than when they were required to command individual joint velocities. Once the ability for straight-line motion was incorporated, the trial times reduced significantly across all subjects tested. The results indicate that the more intuitive command offered by the Cartesian control version 2 allowed the user to learn to control the arm more quickly, and the additional benefit of straight-line motion allowed the user to consistently complete the task at a faster pace.

6.3.. User Feedback
-------------------

In addition to the quantitative results obtained from the timed trials, user feedback was used to further evaluate the benefits of Cartesian control. A survey was administered to each subject after the completion of the timed trials in which they were asked to assign a number value from 0 - 5 to indicate the intuitiveness and effectiveness of each controller tested. Intuitiveness was described as how easy it was to learn to use the controller; a value of 0 represented a controller that was difficult to learn or took a long time to learn, and a value of 5 represented a controller that was easy to learn or was learned quickly. Effectiveness was described as how well the controller was able to perform the task; a value of 0 represented a controller that was frustrating or cumbersome to use and performed the task poorly, and a value of 5 represented a controller that was easy to use and performed the task effectively.

Fig. (**[14](#F14){ref-type="fig"}**) shows the intuitiveness ranking for all five subjects as well as the average over all five subjects. The error bars represent one standard deviation. Intuitiveness rankings are well correlated with the performance in the timed trials. On average the subjects felt that the joint control method was the least intuitive and version 2 of the Cartesian control method was the most intuitive.

The user feedback on the perceived effectiveness of each control method, shown in Fig. (**[15](#F15){ref-type="fig"}**), also correlated with the performance in the timed trials. On average, the subjects felt that both joint control and version 1 of the Cartesian controller were similarly effective in achieving the task. Comparisons between these two in the timed trials support this opinion. In the timed trials, version 1 of the Cartesian controller produced faster times for the beginning trials, but as the subjects progressed through the trials, the trial times for the two controllers tended to converge. On average, the subjects felt that version 2 of the Cartesian controller was more effective than both joint control and version 1 of the Cartesian controller. This is also supported by the timed trials in that version 2 of the Cartesian controller produced faster average times than either of the other two controllers.

7.. CONCLUSION
==============

An alternative control approach for a robotic prosthetic arm was proposed and tested. The alternative control approach utilized Cartesian control of the hand as opposed to the traditional joint control approach. It was hypothesized that the Cartesian control approach would be both more intuitive and more effective.

Three controllers were developed; one employed traditional joint control, and the other two implemented varying degrees of Cartesian control. The first Cartesian controller, aimed at testing the intuitiveness of the control approach, allowed control of the hand in a single Cartesian direction at a time. The second allowed the combination of two Cartesian directions at a time which makes straight-line motion possible in the horizontal plane. The second version of Cartesian control was developed to test the effectiveness of straight-line motion which is only possible with Cartesian control.

An experimental robotic arm was utilized for testing both the intuitiveness and effectiveness of the Cartesian control approach against traditional joint control. The experimental testing involved the completion of a simple motor task by five able-bodied human test subjects. The subjects were two females and three males, whose age ranged from 25 to 65 years. The testing performed shows a clear superiority of Cartesian control over joint control. The intuitiveness gained by Cartesian control allowed the user to learn to control the arm quicker. The added efficiency of straight-line motion produced a significant improvement across all trials. User feedback further emphasized the advantage of Cartesian control over joint control. The effects of age and gender on the results of the tests were not studied.
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![AX-12 Smart Arm Denavit-Hartenberg link frame assignment \[16\]. z \'s are the unit vectors point along the joint\'s axis of rotation. x \'s are the unit vectors pointing to the orientation of the next frame.](TOBEJ-8-93_F6){#F6}

![Cartesian controller block diagram.](TOBEJ-8-93_F7){#F7}
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![Experimental setup (reproduced from \[10\]).](TOBEJ-8-93_F9){#F9}
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![Average percentage improvement in trial times. (Positive percentage represents a decrease in trial time compared to Joint control).](TOBEJ-8-93_F12){#F12}

![average percentage improvement in trial times for subjects 1 - 4. (Positive percentage represents a decrease in trial time compared to Joint Control).](TOBEJ-8-93_F13){#F13}
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###### 

AX-12 Smart Arm link Denavit-Hartenberg (DH) parameters (angles in radians, lengths in inches). The definition of these parameters are found in \[16\].

  Link ~i~    α~i-1~   α~i-1~   d~i~   θ~i~
  ----------- -------- -------- ------ ------------------------------
  1           0        0        0      θ~1~
  2           π/2      2.22     0      $\theta_{2} + \frac{\pi}{4}$
  3           0        6.855    0      $\theta_{3} + \frac{\pi}{2}$
  4            π/2     0        0       θ~4~
  5           0        0        8.25   0

###### 

p -values and w -values from one-tailed statistical test on the data of Fig. 7. JC: Joint Control, CC1: Cartesian Control v1, CC2: Cartesian Control v2.

   Control Schemes   p -value   w -value
  ------------------ ---------- ----------
   JC vs. CC1         0.5338     6
  JC vs. CC2          0.0288     0
  CC1 vs. CC2         0.0072     0

###### 

p -values and w -values from one-tailed statistical test on the data of Fig. 8. JC: Joint Control, CC1: Cartesian Control v1, CC2: Cartesian Control v2.

   Control Schemes   p -value   w -value
  ------------------ ---------- ----------
   JC vs. CC1         0.1922     0
  JC vs. CC2          0.0086     0
  CC1 vs. CC2         0.0019     0
